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Abstract Epidemiological studies suggestthat asthmatics aremore affected byozone thanhealthypeople.This study
tested three hypotheses (1) that short-termexposure to ozone induces inflammatorycell increases andup-regulation of
vascular adhesionmoleculesin airwaylavages andbronchial tissue 6 h afterozone exposure inhealthy subjects; (2) these
responses are exaggerated in subjectswithmild allergic asthma; (3) ozone exacerbates pre-existent allergic airways in-
flammation.
We exposed 15 mild asthmatic and 15 healthy subjects to 0?2 ppm of ozone or filtered air for 2 h on two separate
occasions.Airwaylavages and bronchial biopsieswere obtained 6 hpost-challenge.
We found that ozone induced similar increases in bronchialwash neutrophils in both groups, although the neutrophil
increase in the asthmatic group was on top of an elevated baseline. In healthy subjects, ozone exposure increased the
expression of the vascular endothelial adhesionmolecules P-selectin and ICAM-1, aswell as increasing tissue neutrophil
andmastcellnumbers.The asthmatics showed allergic airways inflammation at baseline butozone didnot aggravate this
atthe investigated time point.
At 6 hpost-ozone-exposure, we foundno evidencethatmild asthmaticsweremoreresponsivethanhealthy to ozone
in terms of exaggerated neutrophil recruitment or exacerbation of pre-existing allergic inflammation. Further work is
needed to assess the possibilityof a difference in timekinetics betweenhealthy and asthmatic subjects in their response
to ozone.r2002 Elsevier Science Ltd
doi:10.1053/rmed.2001.1265, available online athttp://www.idealibrary.comon
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Ozone (O3) is an important component of modern day
air pollution and is linked to increased respiratory mor-
bidity in healthy and asthmatic subjects. Exposure to
ozone impairs lung function, increases bronchial reactiv-
ity and is associated with increased hospital admissions
(1).
In healthy subjects, ozone induced in£ammatory re-
sponses in bronchoalveolar lavage (BAL) have been de-
tected across the ¢rst 24h post-challenge (2).We have
in earlier studies shown exposure to ozone to increaseReceived 7 November 2001and accepted in revised form14 November
2001.
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lecules P-selectin and ICAM-1 in bronchial mucosa as
early as 1?5h post-exposure. At this very early time
point, no neutrophilic in¢ltration occurred in the airway
tissue, despite evidence of oxidative stress demonstrated
in BAL £uid (3,4). At a later time point,18 h post-ozone-
exposure a neutrophilic in¢ltration in bronchial mucosa
was observed (5).
Asthma is considered an airway mucosal in£amma-
tory disease, but to the best of our knowledge, no pre-
vious data are available on the early bronchial mucosal
tissueresponses of asthmatic subjects exposed to ozone.
A few experimental exposure studies using BAL have re-
ported greater increases in neutrophils, IL-6, IL-8 and
protein18h after ozone challenge in asthmatics as com-
pared to healthy volunteers (6^8). Importantly however,
these previous experimental studies comparing airway
in£ammatory responses between healthy and asthmatic
subjects have used quite high ozone burden during expo-
sures. Such exposure conditions areveryrare even in the
OZONEEXPOSUREOFASTHMATICANDHEALTHYSUBJECTS 353US. Additionally, the scienti¢c literature has been lacking
informationregarding the earlyozone inducedresponses
in bronchialmucosa and BAL in asthmatics.
This study was therefore designed to evaluate the
early airway responses of healthy and mild asthmatic
subjects to a brief exposure to 0?2 ppm ozone, giving an
ozone burdenmore environmentally relevant than those
used in previous studies of ozone e¡ects in asthmatics.
Bronchoscopy was performed at 6h after the end of
the exposure period to obtain bronchial mucosal biop-
sies and airway lavage samples. We hypothesised that
short-term exposure to ozonewould induce neutrophilic
airways in£ammation inhealthy subjects, withup-regula-
tion of relevant vascular adhesion molecules, and that
either these responseswouldbe exaggerated in subjects
with mild allergic asthma, or ozone would exacerbate
pre-existent allergic airways in£ammation.
METHODS
Subjects
Fifteen healthy, non-atopic, subjects (six males, nine fe-
males; mean age 24, range 19^31 yrs) and 15 asthmatic
subjects (ninemales, six females; mean age 29, range 21^
48 yrs) with intermittent tomildpersistentdiseasewere
included (9). The asthmatics were hyper-responsive to
methacholine (geometric mean PC20 2?3 mg ml
1) with
mean FEV190% (range 75^114) of predicted and at least
one positive skin prick test to common allergens. Apart
from inhaled b2-agonists on demand, they needed no
anti-asthma therapy. All subjects were never-smokers
and free of airway infection for at least 6 weeks before
and throughout the study. No anti-in£ammatory drugs
or antioxidant supplements were allowed during the
study.
Study design
Subjects were exposed to ¢ltered air or 0?2 ppm of O3
for 2h in random order in an exposure chamber (4). Ex-
posures were at least 3 weeks apart. Bronchoscopy wasTABLE 1. Monoclonal antibodies used for immunohistochemical
Antibody Epitope stained
NE Neutrophil elastase
AA1 Mastcell tryptase
EG2 ECP
CD3 CD3þ T-cells
EN4 Endothelium
CD62P P-selectin
CD54 ICAM-1performed 6 h after each exposure as previously de-
scribed (10). Lung function tests (FEV1 and FVC) were
performedbefore and immediately after each exposure.
Methods
During exposures, subjects exercised on a bicycle erg-
ometer (VE¼20 lminm2) alternating with rest for 15-
min periods. The O3 concentration remained stable at
0?2070?01 ppm (mean7SEM). The study was approved
by Ume2 University Ethics Committee; all subjects gave
informed consent. Lung function was measured using a
conventional spirometer (Vitalograph-COMPACT; Vita-
lograph Ltd., Buckingham, UK). The asthmatic subjects
inhaled salbutamol, 0?2mg dry powder, prior to
bronchoscopy.Mucosal biopsies were processed into gly-
colmethacrylate resin, stained using monoclonal antibo-
dies (Table 1) and assessed as previously described
(3,4,11,12). Bronchial wash (BW) was performed by instil-
ling 2 20ml sterile saline (pH 7?4, 371C).The ¢rst BW
samplewas used for total and di¡erential cell counts and
analysis for soluble mediators. The second BW fraction
was used for antioxidant determinations (13).
Bronchoalveolar lavage (BAL, 3 60ml saline) was
then performed. BW and BAL samples were collected
separately and immediately placed on ice. Lavage £uid
was ¢ltered to remove mucus (pore diameter 100mm,
Syntab, Malm˛, Sweden) and centrifuged at 400g for
15min to remove cellular components.Cell pellets were
re-suspended in PBS at106 cells ml1 for total and di¡er-
ential cell counts. Cytocentrifuged specimens were pre-
paredwith 5104 non-epithelial cells per slide (Cytospin
3s, Shandon Southern Instruments Inc., Sewikly, PA,
USA). Di¡erential cell counts were performed after
staining with May-Grˇnwald Giemsa (400 cells slide1).
Mastcellswere countedin10 visual ¢elds at 160mag-
ni¢cation on slides stained with acid toluidine blue, and
counterstained with Mayer’s acid haematoxylin. BW and
BAL myeloperoxidase, methyl-histamine and eosinophil
cationic protein concentrations were analysed by RIA
(Kabi Pharmacia Diagnostics,Uppsala, Sweden).staining of bronchial biopsies
Source
Dako,Glostrup,Denmark
Dako,Glostrup,Denmark
Pharmacia-Upjohn,Uppsala,Sweden
Dako,Glostrup,Denmark
Monosan,Uden, the Netherlands
Serotec,Kidlington,Oxford,UK
Dako,Glostrup,Denmark
FIG. 1. Bronchial airway neutrophil responses to ozone and
control air challenges in mild asthmatic and healthy control
subjects. Individual responses and group median values are
illustrated. *Po 0?05, **Po 0?01,.** *Po 0?001.
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Statistics were performed using the Unistat (Unistat
Ltd. London,UK) and SPSS version10?05 (SPSS inc., Chi-
cago, USA) software.Wilcoxon’s nonparametric signed-
rank test was used to assess paired observations. Be-
tween-group comparisons were assessed by Mann-
Whitney U-test, except for lung function data that were
analysed using a repeated measures two-way ANOVA.
The degree of associationbetween neutrophil responses
to ozone in di¡erent compartments were assessed by
Spearman’s rank correlation test. P-values o0?05 were
considered signi¢cant.
RESULTS
Lung function responses
Baseline FEV1 and FVC values did not di¡er signi¢cantly
between the healthy and asthmatic subjects. Exposure
of healthy subjects to ozone resulted in signi¢cant de-
creases in FEV1 and FVC (P o 0?05). Signi¢cant decre-
ments in FVC were observed in the asthmatics (P o
0?05).There was no di¡erence between the two groups
in the magnitude of the FEV1 and FVC decrements
(Table 2).
Cellular data
Post-air total leukocyte numbers were lower in the BW
of asthmatics relative to healthy subjects (median [inter-
quartile range]: 6?7 [4?0^10?7] 104 vs. 11?1 [7?30^
20?0] 104 cellsml1, P o 0?05). At baseline, the asth-
matic group had higher neutrophil counts in BW, BAL,
bronchial epithelium andbronchial submucosa compared
to the healthy group (Fig.1) but BW^MPOwas lower in
the asthmatic group (1?7 vs. 8?3 mg l1).Ozone exposure
did not alter total leukocyte counts in BW or BAL in
either group, but in both groups there was a signi¢cant
and similar increase in neutrophils in BW, but not in BAL
(Fig. 1). In the asthmatic group, there was also evidenceTABLE 2. Lung function responses inhealthy andmild asthmatic
Healthy Controls
Pre-Air Post-A
FVC (l) 5?1271?16 5?107
FEV1 (l sec
1) 4?0570?90 4?107
Mild Asthmatics
Pre-Air Post-A
FVC (l) 5?0371?01 5?047
FEV1 (l sec
1) 3?7170?75 3?747
Analysedusing a repeatedmeasures two-way ANOVA, with eof neutrophil activation, as shown by an increased BW^
MPOconcentration after ozone, increasingby1?8-fold (P
o 0?01) (Fig. 2).
In the healthy controls, ozone exposure increased
neutrophil numbers in bronchial epithelium and submu-
cosa (respectively 0?0 [0?0^1?4] cells mm1 post air vs.
2?0 [0?0^8?0] cells mm1 post ozone, P o 0?05;
and 21?0 [13?6^54?2] cells mm2 post air vs. 97?3subjects exposed to air and 0?2 ppmozone
ir Pre-Ozone Post-Ozone
1?19 5?0271?22 4?7670?97*
0?92 3?9970?91 3?6970?85*
ir Pre-Ozone Post-Ozone
0?99 5?0771?00 4?9671?05*
0?72 3?7670?75 3?6970?75
xpressions for time and treatment. *Po0?05.
FIG. 2. Soluble mediator responses to ozone in the bronchial
airways of asthmatic andhealthy subjects.Data are illustrated as
the fold-increase in concentration afterozonerelative to post air
values. The dotted line through 1 on the y-axis illustrates no
change. **P o 0?01, when comparing non-transformed MPO
concentrations after air and ozone in the mild asthmatic group.
The comparison between the fold increase in MPO seen be-
tween the asthmatic and control subjects was performed using
the Mann-Whitney U-test.
OZONEEXPOSUREOFASTHMATICANDHEALTHYSUBJECTS 355[52?1^122?2] cellsmm2 postozone,Po 0?01).Therewas
no change in tissue neutrophil numbers after ozone in
the asthmatic group. (Figs1and 3). Expression of P-selec-
tin and ICAM-1onvascular endotheliumwasupregulated
after ozone in healthy controls (Po 0?01; Po 0?05 re-
spectively) but no signi¢cant changes in adhesion mole-
cule expression were seen in the asthmatic group,
although they did start from a higher baseline level of
ICAM-1expression (Po 0?01) (Table 3 and Fig. 3).
Mast cell numbers were elevated in the BW and BAL
of asthmatics compared with healthy subjects, (respec-
tively 5?0 [4?0^10?0] % vs. 0?4 [0?3^1?1] %, Po 0?0001;
and 6?0 [4?0^9?0] % vs. 1?0 [0?3^1?7] %, P ¼ 0?0001).
The asthmatics also showedhighermast cell counts than
healthy subjects in epithelium and submucosa (respec-
tively 2?1 [0?0^4?0] cells mm1 vs. 0?0 [0?0^4?0] cells
mm1, Po 0?05; and 36?2 [13?7^58?6] cells mm2 vs. 8?0
[3?5^15?4] cells mm2, P¼ 0?001).Mast cell numbers did
not change in BW or BAL in either group after ozone,
but submucosal mast cell numbers increased in healthy
subjects (8?0 [3?5^15?4] cells mm2 post air vs. 18?3
[11?7^25?2] cells mm2 post ozone, P o 0?05) while
ephithelial mast cell numbers decreased signi¢cantly in
the asthmatics (0?4 [0?0^2?1] cells mm1 post ozone, P
o 0?05).
Lymphocyte numbers in BAL £uid were increased at
baseline in the mild asthmatics compared with healthy
controls (13?9 [8?8^15?6] % vs. 3?5 [3?0^8?0] % respec-
tively, P o 0?05). Asthmatics also had higher baseline
lymphocyte cell numbers in the epithelium (10?56 [5?2^24?3] cells mm1vs. 0?0 [0?0^1?2] cells mm1; Po0?001)
and submucosa (81?6 [39?7^180?6] cells mm2 vs. 19?8
[5?3^41?0]; P o 0?001). Ozone exposure did not a¡ect
lymphocyte numbers in either group.
Eosinophils were present in BW, BAL and submucosa
of asthmatic subjects but did not change after ozone.No
eosinophils were detected in the healthy controls. BW/
BAL methyl^histamine and ECP concentrations were
not signi¢cantly a¡ected by ozone.
In healthy subjects, where increases in submucosal,
epithelial and BW neutrophils were observed, only a
weak association was apparent between submucosal
andBW increases (Rs, 0?46,P¼ 0?05),with no signi¢cant
association noted between the epithelial and BW re-
sponse (Rs, 0?30, P¼ 0?19) but the increases in epithelial
and submucosal neutrophils were strongly correlated
(Rs, 0?84, P o 0?001). In asthmatic subjects, there was
no correlation between changes in neutrophil numbers
in any pair of compartments.
DISCUSSION
When exposed to an environmentally relevant concen-
tration of ozone for 2 hours, both healthy and asthmatic
subjects showed a neutrophilic airway response, but
therewas no discernible change in eosinophil or lympho-
cyte numbers. In the healthy group, ozone also induced
up-regulation of the vascular endothelial adhesionmole-
cules P-selectin and ICAM-1 together with increases in
tissue neutrophil and mast cell numbers, responses
whichwere not seen in the asthmatic group.The e¡ects
of ozone on lung function were small and similar in both
groups, in linewith earlier work (1,8,14^16).
Previous bronchoscopy studies of the e¡ect of ozone
on asthmatics airways have used higher ozone burden,
i.e. higher concentration of ozone, longer exposure time
and higher total ventilation, than were employed in the
present study (6^8). The present study con¢rms that
the neutrophilic responses seen after higher ozone bur-
den are also present at environmentally relevant ozone
concentrations. However, the eosinophilic response re-
ported in one high dose study was not apparent here
(17), neither was there any evidence of the exaggerated
neutrophil response in asthmatics seen after high ozone
exposure (6^8).
We have recently reported increased expression of
the vascular endothelial adhesion molecules P-selectin
and ICAM-1 in the bronchial mucosa of healthy subjects
1?5 h after ozone exposure, at which time there was no
neutrophilic in£ammation in the bronchial mucosa (3,4).
The up-regulation of P-selectin and ICAM-1 in the pre-
sent studycon¢rms the importance of thesevascular en-
dothelial adhesion molecules in the recruitment of
in£ammatory cells into the airways of healthy subjects
following exposure to ozone.
FIG. 3. Immunohistochemical staining for neutrophils post air (A) vs. post ozone (B), P-selectin post air (C) vs. post ozone (D) and
ICAM-1post air (E) vs. postozone (F) in bronchial biopsies.
356 RESPIRATORYMEDICINESix hours after ozone exposure, BW MPO was ele-
vatedin the asthmatic group. Similar responseshavepre-
viously been seen at 18h post-exposure (8) and in
sputum 24h post-ozone-exposure (18).The fact that in-
creased neutrophil numbers and MPO levels were foundin BW of the asthmatic subjects, without any overt
change in the biopsies, indicates that their acute re-
sponse to ozone may be occurring more distal than the
proximal biopsies examined here. The neutrophil in£ux
was also more pronounced in the proximal BW sample.
TABLE 3 Vascular endothelial adhesionmolecule expression in the bronchialmucosa of healthy andmild asthmatic subjects ex-
posed to air and 0?2 ppmozone
Adhesionmolecule Exposure Healthy Controls Mild Asthmatics
P-selectin (%) Post Air 35?8 (23?8^51?1) 29?4 (22?2^42?8)
Post Ozone 60?0 (42?1^78?7)** 34?9 (12?5^52?8)
ICAM (%) Post Air 56?2 (40?0^63?5) 68?0 (59?1^82?8)a
Post Ozone 60?0 (46?5^75?0)* 56?2 (40?0^63?5)
Allvaluesexpressedas thepercentageof ENþstainingvesselsexpressing thenamedadhesionmolecule.Comparisonsofpost air
andpostozonevaluesperformedusing theWilcoxon ^Signed-RankTest, *Po 0?05, **Po 0?01.Comparisonsofpost air (baseline)
valueswere performedusing the Mann-Whitney U-test, aPo 0?01.
OZONEEXPOSUREOFASTHMATICANDHEALTHYSUBJECTS 357This is consistent with the reported deposition charac-
teristics and dosimetry of ozone (19), which suggest that
ozone mainly deposits in the terminal conducting air-
ways.
To our knowledge, this is the ¢rst study evaluating the
early bronchial tissue responses in asthmatic subjects
after exposure to ozone The asthmatic subjects re-
cruited for this study all had a pre-existent allergic air-
ways in£ammation with elevated numbers of
eosinophils, mast cells, T-lymphocytes and neutrophils,
cells that are considered to play important roles in the
pathophysiology of asthma (20). No signs of aggravation
of the mucosal allergic status were detected 6 h post-
ozone-exposure other than an increase in BW neutro-
phils. In contrast, Peden et al. reported increases in BAL
eosinophils18h after exposure to 0?16 ppmozone for 7?6
h.These subjectswere said to bemild allergic asthmatics
without inhaled steroid therapy but their baseline BAL
eosinophil numbers were quite high, indicating that they
had more severe asthma than the group studied here
(17).
The absence of any ozone-induced in£ammatory re-
sponses in bronchial tissue of the asthmatic subjects
could be due to di¡erences in basal in£ammatory airway
status or in the time-kinetics of in£ammatory responses
to ozone. The asthmatic group showed a more marked
tissue and lavage neutrophilia at baseline compared to
the healthy subjects.This baselinemucosal in£ammation
could have activated counter-in£ammatory mechanisms
(21), which might damp the in£ammatory response to
ozone. This damping might a¡ect both the magnitude
andkinetics of theresponse andhence delayor attenuate
the mucosal response to ozone in asthmatics. Six hours
post-exposure has previously been reported as the peak
period of ozone-induced neutrophil in£ux into the air-
ways of healthy subjects (2) with the response persisting
up to 24hpost-challenge (5, 22, 23).Given thatmany epi-
demiological a studies show a time lag of days between
exposure and negative airway e¡ects (24^26), it remains
possible that in£ammatory responsesmaybe seen in the
bronchial tissue of asthmatics at a later time point post
exposure.In the present study, the only signi¢cant tissue re-
sponse after ozone in the asthmatic group was a de-
crease in epithelial mast cell numbers post ozone
exposure. This could possibly represent cell migration
into the airways, although no corresponding increase in
mast cell numbers was observed in the BAL or BW. Al-
ternatively this change could have been due to apoptosis
or degranulation, although there was no increase in
methyl-histamine in BAL or BW to support this latter
explanation.
In conclusion, at 6 hpost-ozone-exposurewe foundno
evidence that mild asthmatics were more responsive to
ozone thanhealthycontrols in terms of exaggeratedneu-
trophil recruitmentor exacerbation of pre-existing aller-
gic in£ammation. Further work is needed to assess the
possibility of a di¡erence in time kinetics between
healthy and asthmatic subjects in their response to
ozone.
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